In this paper, an extrinsic optical fibre sensor (OFS) for the quantitative determination of dyes used in the textile industry is presented. The system proposed is based on absorption spectroscopy and multivariate calibration methods to infer the concentration of different textile dyes. The performance of the sensor has been successfully assessed using calibrated dyes, with a very good correlation between the multivariate calibration models and the predicted values. The sensor system here demonstrated could be used to predict the colour of dye mixtures during the dyebath and, therefore, reduce the manufacturing costs.
INTRODUCTION
Textile industry is very sensitive to product appearance, and, especially to colour. For that reason, colour matching assessment is required in textile dyeing processes. In this case, if the colour produced is different from the colour specified in the dyeing recipe, the manufactured goods have to be reworked or rejected [1] . This results in significant additional costs and an increased dumping of toxic wastes into the environment. Therefore, a method to assess the colour during the dyebath could be advantageous in the textile industry.
Colour is usually represented using the CIELAB standard [2] . Conventional instrumentation for colour determination employs colorimeters or spectrophotometers to estimate the colour from the dyed materials [2] . Colorimeters provide the three tristimulus values, i.e. the CIELAB values, whereas spectrophotometers measure the reflectance curve and compute the CIELAB values from it. In both cases, the CIELAB values are calculated after dyeing the material and, based on them, the manufactured goods are decided to be reworked or rejected. An alternative way to determine the colour could be by analyzing the absorption spectrum of the dyebath mixture. Indeed, colour can be completely characterized by the absorption spectrum in the visible region. Additionally, the absorption spectrum contains extended spectral information than the CIELAB values and it is independent of the spectral power distribution and the observer chosen [3] .
The concentration of the individual colorants that compose the dyebath needs to be known as it is related to colour [4] . In this regard, optical fibre spectroscopy could be a useful technique to online monitor the concentration of the dyes present in the dyebath. This technique has many advantages such as its simplicity and ease of operation, efficiency, highperformance and relatively low cost. When combined with multivariate calibration methods to estimate the concentration of the different colorants in the dyebath, higher accuracy and precision can be achieved [5] . Optical fibre spectroscopy experiments have been previously reported for olive oil, lubricant oil and beer [6] [7] . On the other hand, in the textile industry, the concentration of dyes has been assessed using reflectance spectroscopy [8] or by monitoring the dyebath at a single spectral value [9] .
In this paper, we demonstrate the feasibility of an optical fibre spectroscopy sensor system to predict the concentration of industrial textile dyes from their absorbance measurements. For that purpose, multivariate calibration techniques, such as Inverse Least Squares (ILS) and Partial Least-Squares regression (PLS), will be used to construct the calibration models to infer the concentration of the different dyes.
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EXPERIMENTAL SETUP
In order to demonstrate the proposed sensor, the setup shown in Figure 1 was used. As can be seen in the figure, light from a deuterium tungsten halogen source from Ocean Optics, model DH-2000, was coupled to a cuvette holder. The different samples of textile dyes were placed inside the cuvette holder in disposable plastic cuvettes of 0.5 cm path light. The transmitted light through the system was measured using a high-resolution spectrometer (Ocean Optics, HR2000+CG). Finally, solarization resistant optical fibres, with 600 µm of core diameter, were used to couple light between the source and the cuvette holder and the cuvette holder and the spectrometer. With this setup, the absorption spectra of textile dyes, from 200 nm to 1100 nm, were obtained.
The system was calibrated using a cell containing distilled water, as blank reference, and a dark reference, which was taken when the light path to the spectrometer was blocked. Furthermore, the spectral absorbance of samples was limited to 2 AU (AU, Absorbance Units) because of the sensitivity of the spectrometer used. This meant that the concentrations of the different dyes were chosen to give an absorbance of less than 2 AU. Fig. 1 . Experimental setup used for textile dye spectra characterization using optical fibre absorption spectroscopy.
EXPERIMENTAL RESULTS AND DISCUSSION
Three different reactive dyes, which are extensively employed in the textile industry, were considered in the experiments, specifically Levafix Amber, Levafix Red and Levafix Blue [10] . These colorants were provided by Textil Santanderina S.A.
First of all, the absorption spectra of the three different dyes, for a concentration of 0.07 g/L, were obtained with the system described before. As can be seen in Figure 2 , there is a strong spectral overlap between the three colorants, which difficulties the concentration prediction. In this situation, univariate calibration methods [9] are not efficient, as it is not possible to choose a single wavelength free of interference from the other dyes. Therefore, more complex multivariate calibration techniques are needed to quantify the concentration of dye mixtures.
As a consequence, multivariate calibration methods, such as Inverse Least Squares (ILS) or Partial Least Squares (PLS) [11] , were chosen to construct the calibration models from the obtained absorption spectra. In this case, ILS selected the maximum number of spectral values available. On the other hand, PLS regression finds a smaller number of relevant factors from the overall spectrum which are able to predict the concentration efficiently. Therefore, the calibration curves to infer the concentration on different dye solutions were obtained. For that purpose, a set of samples was first collected to construct the calibration models. In this case, for the blue colorant, samples of four different concentrations were measured with a high-precision scale and diluted in distilled water, specifically at 0.480 g/L, 0.240 g/L, 0.077 g/L and 0.038 g/L. For each concentration, 10 different spectra were taken, being the training data set of 40 samples. Once the training data was acquired, the calibration curves were developed using ILS and PLS calibration methods [11] . The obtained models were used to estimate the concentration of different samples of blue dye (with concentrations ranging from 0.945 g/L to 0.038 g/L) and the results can be seen in Figure 3 . The estimated concentrations for each method (red circles, PLS, and blue squares, ILS) are represented as a function of the real concentration of blue dye in the sample. The error bars are calculated as three times the standard deviation of the measurements (99.73% confidence).
